I. INTRODUCTION
Germanium (Ge) and its oxides play a crucial role in a wide variety of fields, such as electronics, fiber optics, infrared devices, radiation detectors, and catalysts for polymer synthesis. In particular, Ge shows excellent characteristics as a promising substitute material for Si in next-generation metal-insulator-semiconductor field-effect transistor (MIS-FET) devices owing to its high carrier mobility, narrow band gap, and low process temperature. 1 In the development of Gebased MISFET devices, controlled formation of the surface oxide in a wide variety of ways is important for precise fabrication of dielectric/Ge interfaces. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Therefore, atomic-level understanding of the oxidation of Ge surfaces, especially in the monolayer or sub-monolayer region, is a key research issue. However, the fundamental aspects of the oxidation reaction of Ge surfaces are not well understood, which is in strong contrast to Si surfaces.
Investigation of the surface oxides of Ge has mainly focused on two extreme limits: native oxides in air and the initial stages of oxidation under ultra-high vacuum (UHV) conditions. The native oxides of both Ge and Si exhibit oxidation states up to +4.
14 However, it is widely recognized that Ge oxides in the atmosphere are much less thermally stable and water-soluble than Si oxides. To clarify the detailed nature of a) Author to whom correspondence should be addressed. Electronic mail:
yoshigoe@spring8.or.jp.
the surface oxides of Ge, fundamental studies focusing on the oxidation of single-crystal Ge surfaces by pure oxygen gas (O 2 ) have become increasingly important. The fundamental aspects of the oxidation reaction at the single-crystal faces of Ge using O 2 are not fully understood. In 1982, Surnev and Tikhov conducted experimental studies on the chemisorption mechanisms of O 2 on the Ge(100) surface. 15 Subsequently, Hansen and Hudson 16 performed molecular beam scattering measurements and found that the translational energy of incident oxygen (E t ) affects the initial sticking probability. These investigations found two oxygen adsorption processes on Ge surfaces, trapping-mediated and direct adsorption, similar to Si surfaces. The sticking probability for Ge surfaces has also been found to be considerably smaller than that for Si surfaces. However, although these studies suggest that molecular beams could be useful to investigate surface oxidation, the oxygen adsorption sites remain unclear.
The oxygen adsorption sites on the Ge(100) surface have been investigated by experimental and theoretical studies. Fukuda et al. 17 used ultraviolet photoelectron spectroscopy (UPS) and scanning tunneling microscopy (STM) to investigate the products of dissociative chemisorption in the early stages of oxidation for a clean Ge(100)-2 × 1 surface. Soon et al. 18 used both high-resolution electron energy loss spectroscopy (HREELS) and computer simulations based on density functional theory (DFT) to study the dissociative chemisorption pathways of O 2 to form the initial products on the Ge(100)-2 × 1 surface. Grassman et al. 19 confirmed the dissociative adsorption sites for oxygen on the Ge(100)-2 × 1 surface using STM observations and DFT simulations. These findings under low oxygen exposure conditions are supported by computational studies. 20, 21 Fleischmann et al. 22 reported a detailed study of the oxygen adsorption sites revealed by STM and electron diffraction experiments, describing the favorable oxygen adsorption site at moderate O 2 exposure. Despite the considerable effort to study oxidation of Ge(100) surfaces, there is a lack of information on the chemical analysis of oxidized Ge surfaces and the dependence of the absolute oxygen amount, which are relevant in the characterization of oxide structures. Additionally, little attention has been paid to the experimental clarification of oxides induced by not only thermal-O 2 but also molecular O 2 beams, as examined by Hansen and Hudson. 16 It is well known that core-level photoelectron spectroscopy is a powerful tool to give detailed information about the chemical environment and oxidation states of oxides at solid surfaces. [5] [6] [7] [8] [9] [23] [24] [25] [26] [27] Schmeisser et al. 28 and Kuhr and Ranke 29 reported Ge 3d core-level spectra for various oxygen exposures to a Ge(100) surface. Two chemically shifted components of Ge 3d, corresponding to Ge atoms with one or two oxygen ligands, were debated. These findings are particularly interesting as the results of the chemical analysis of oxidized Ge(100) surfaces. However, although the peak positions attributed to Ge oxidation states were described in their core-level spectra, no detailed oxide-related components, which are widely reported in silicon oxidation studies, [23] [24] [25] [26] [27] were given as a function of the oxygen coverage in both papers.
There is a lack of reliable structural information about Ge oxides after oxidation using O 2 for the clean Ge(100)-2 × 1 surface. Additionally, time-evolution of oxides from the initial oxidation stages to saturation depending on O 2 incident energies have not been fully investigated. In general, hyperthermal energetic O 2 is a candidate to promote oxygen chemisorption and form unique oxide structures. 30, 31 In fact, we previously demonstrated the usefulness of experiments using synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS) in conjunction with supersonic O 2 beams to clarify oxide structures depending on E t . 26, 32 Thus, we believe that supersonic O 2 beams could possibly facilitate novel oxidation at Ge surfaces and select the chemical compositions of Ge oxides via a novel reaction pathway. However, there has been little discussion on these issues for oxidation of Ge(100) surfaces from a fundamental viewpoint.
This paper presents a rigorous analysis of oxides after exposure of a clean Ge(100)-2 × 1 surface to pure O 2 gas using thermal-O 2 (26 meV) or supersonic O 2 beams with various incident energies. Here, we investigated oxygen adsorption processes at room temperature because passive oxidation takes place without both O 2 and GeO desorption involved in the decomposition Ge oxides. We performed in situ SR-XPS measurements during surface oxidation from an initial stage to the maximum coverage of the surface oxides. The initial sticking probability of the oxygen molecule on Ge(100) was measured for a wide range of incident energies.
II. EXPERIMENTS
All of the experiments were performed in UHV using SUREAC2000 [25] [26] [27] 32 constructed at the soft X-ray beamline, BL23SU, 33 at SPring-8, Hyogo, Japan. The SUREAC2000 is equipped with a supersonic O 2 beam generator and hemispherical electron energy analyzer (EA125-5MCD, Omicron Nanotechnology GmbH, Taunusstein, Germany) and lowenergy electron diffraction (LEED) facilities.
A Sb-doped Ge(100) substrate with a resistivity of 0.1-0. 6 cm was used in this study. The surface preparation was performed by chemical treatment and in situ treatment in the UHV apparatus. The wet treatment used in this study was essentially the same as the method already established by Prabhakaran and Ogino. 34 In UHV with base pressure greater than 2 × 10 −8 Pa, conventional cycles of Ar + -ion sputtering (0.5 keV) with annealing (773 K) and subsequent flush annealing close to 1200 K for about 5 min were performed several times. After the cleaning procedure, a clear diffraction pattern from the double-domain (2 × 1) superstructure of the Ge(100) surface was readily observed. No impurities, such as carbon and molybdenum atoms, were detected by highsensitive SR-XPS measurements. Furthermore, a component attributed to up-atoms of the Ge-Ge dimer was clearly observed at the lower binding energy side of the Ge 3d bulk peak.
In situ oxidation experiments were performed at a substrate temperature of 300 K. Supersonic O 2 beams [35] [36] [37] were generated by adiabatic expansion of diluted O 2 gas with He gas, and further mixing with and without Ar gas through a nozzle. We controlled the E t value of the O 2 molecular beam by the gas mixing-ratio and the nozzle temperature. The maximum energy of the O 2 beam was 2.33 eV with a nozzle temperature of 1400 K. The E t values used in this paper were calculated values. 26, 27, 38, 39 Here, it should be noted that in this study no difference was found with changing nozzle temperature. Thus, we considered that the influence of vibrationally excited O 2 species on oxidation was negligibly small in this reaction system. For the minimum energy of 26 meV, we used effusive oxygen, so-called thermal-O 2 , substantialized by backfilling of oxygen gas, which was introduced with a variable-leak valve (<2 × 10 −3 Pa). The flux density of the supersonic O 2 beams was determined from the partial pressure measurements of O 2 , He, and Ar gases. Each partial pressure was measured using the quadrupole mass analyzer equipped along the supersonic O 2 molecular beam axis. The typical flux density of the molecular beams was in the order of 10 14 molecules cm −2 s −1 , and the variation was less than 1%. The flux density of thermal-O 2 was calculated by the HertzKnudsen equation. The substrate surfaces were exposed to supersonic O 2 beams at an incident angle of 10
• from surface normal directions. The take-off angle of photoelectrons for every oxidation was 60
• from the surface normal directions. Note that, the vacuum gauges were located on the far backside of the sample surface to avoid the effects of the atomic oxygen created by its hot-filament during surface oxidation. 15, 28 Circularly polarized synchrotron-light of 669.7 eV was used to record the Ge 3d and O 1s photoelectron spectra. The experimental overall energy resolution for the photoelectron spectra was greater than 250 meV. Here, it should be noted that the influence of high flux photon irradiation on oxygen dissociation was negligible because no difference between oxidation with and without continuous illumination of synchrotron radiation light was observed at a certain dose. Furthermore, we are convinced that the decomposition of surface oxides by synchrotron radiation was negligible because no changes of the photoelectron spectra were observed after synchrotron radiation light illumination in the absence of O 2 gas.
III. RESULTS AND DISCUSSION
First, we will discuss the uptake of oxygen on the clean Ge(100)-2 × 1 surface by the changes in the O 1s spectra. Figure 1 shows the change in the surface oxygen coverage determined from the O 1s intensity as a function of O 2 dose for incident energies of 26 meV and 2.2 eV. The dose value indicated in this paper was obtained from the product of oxidation time and O 2 flux density. In this study, we carefully calibrated the oxygen coverage on the Ge(100) surface by referring to the results of oxygen uptake on the Si(111)-7 × 7 surface, where the relationship between the oxygen coverage and the intensity of the O 1s peak is well-understood. [25] [26] [27] This careful calibration allows us to assess the oxygen coverage in monolayer units (ML; 1 ML = 6.19 × 10 14 cm −2 , corresponding to the density of Ge atoms on the Ge(100)-1 × 1 surface). It was found that the final oxygen coverage was dependent on the incident energy of the oxygen, suggesting that the oxidation process can be activated by the translational energy of the O 2 molecules. It is also important to note that the saturated oxygen coverages were as small as 0.30 and 0.36 ML for incident energies of 26 meV and 2.2 eV, respectively. The saturation coverages were found to be much smaller than those on the Si(111) surface, where the final coverages are up to ∼0.9 and ∼1.5 ML for incident energies of 26 meV and 2.2 eV, respectively. 26 The fact that the final oxygen coverage can increase with increasing incident energy of oxygen indicates that a new adsorption pathway may occur, resulting in novel oxide structures on Ge surfaces. Figure 2 shows LEED images before and after oxidation of the Ge(100) 22 and that the oxygen coverage is low, which is consistent with the results revealed by the quantitative uptake measurements as shown in Fig. 1 . It is evident from our results that the Ge(100)-2 × 1 surface seems to be quite inert toward oxidation, which is in sharp contrast to the case of Si surfaces. The remaining 1 × 1 patterns observed even with small coverages at saturation of uptake, as shown in Fig. 1 , indicate that the variation of the electronic structures caused by oxygen adsorption probably results in the destruction of Ge-Ge dimers rather than them remaining intact to minimize surface energy. This electronic-structural change may be related to the low coverage at saturation and the decrease of the initial sticking probability caused by the presence of oxygen and impurities as shown later.
In the inset of Fig. 1 , we show enlarged plots of the uptake curves. The initial slope is much steeper in the case of lower translational energy, suggesting that the initial oxygen adsorption processes are highly dependent on the translational energy. From the initial slope of the oxygen uptake, we determined the initial sticking probability, s 0 . Figure 3 shows the initial sticking probability of O 2 for the Ge(100)-2 × 1 surface at 300 K as a function of E t . The initial sticking probability for oxygen with 26 meV was a few orders of magnitude greater than values reported by other groups. [15] [16] [17] This large difference is most likely because of the cleanness of the surface. We observed that the presence of a small amount of contamination detected by SR-XPS can greatly inhibit oxidation, even for the high incident energy oxygen used in this study. 40 With increasing incident energy, the initial sticking probability rapidly decreased. This trend is similar to that observed for Si oxidation 26, 27, 30 and is clear proof of the trapping-mediated dissociation process. The presence of the trapping-mediated process has been recently predicted by DFT calculations considering the spin-triplet ground state of oxygen. 21 The experimental data shown here strongly support the theoretical prediction. The dominance of the trapping-mediated process in the low incident energy region can also explain the fact that a cleaner surface exhibits higher reactivity than other reported values. [15] [16] [17] After the rapid decrease of s 0 with E t , s 0 started to increase with further increase of E t . This observation suggests the onset of the direct-activated chemisorption process of impinging oxygen with higher translational energies of oxygen. Therefore, it is likely that the emergence of this process opens a new reaction pathway resulting in the increased final oxygen coverage. To confirm the hypothesis of the onset of the new reaction activated by the translational energy, we determined the chemical nature of the surface oxidation products formed with different translational energies. Figure 4 shows the Ge 3d core-level photoelectron spectra of the oxygen-saturated surfaces formed by oxygen with E t values of 26 meV and 2.2 eV. To investigate the difference in the suboxide peaks, the signal intensities were normalized by the intensity of the Ge 3d 5/2 bulk peak (Fig. 4(a) ). The horizontal axis shows the relative binding energies with respect to the Ge 3d 5/2 bulk peak position. It was found that photoelectron suboxide peaks are present in both cases, and the relative intensity of the suboxide peaks are considerably larger for the oxides formed with 2.2 eV O 2 . Here we analyzed the intensity of the suboxide peaks of the spectra by curve-fitting analysis as follows. Before the curve-fitting analysis, we subtracted the Ge 3d 3/2 component from the spectra shown in Fig. 4(a) through a deconvolution process. 41 Figure 4(b) shows the Ge 3d 5/2 core-level photoelectron spectra after subtraction of the Ge 3d 3/2 component, in which the signals of the suboxides become clearer in both spectra. To resolve the oxide-related components observed at the higher binding energy side of the bulk peak, the Ge 3d 5/2 spectral line shape was analyzed by a curve-fitting procedure using symmetric Voigt functions constructed by the convolution of Lorentzian and Gaussian functions. The Lorentzian full width at half maximum (LW) of 150 meV was used for all components according to Eriksson and Uhrberg. 42 The value of the Gaussian full width at half maximum (GW) was separately determined for each single peak profile. In addition to the bulk component, four components were required for both spectra to obtain a reasonable fit. One component originated from subsurface Ge atoms at −0.2 eV 42 and the other component (γ ) was located at −0.5 eV. The component γ seems to originate from the Ge-Ge dimer at the residual unoxidized area on the surface 42 and/or can be assigned to the oxide-related component normally observed in the oxidation of Si surfaces. 25, [43] [44] [45] The positions of the components related to suboxide states such as Ge 1+ and Ge 2+ were set to the positions reported by Schmeisser et al. 28 Figure  5 shows the results of curve-fitting analysis, and the parameters obtained from the curve-fitting analysis are shown in Table I . Our analysis clearly revealed the Ge 1+ and Ge 2+ oxidation states at core-level shifts of 0.81 and 1.71 eV, respectively. Only the two distinctive oxide components Ge
1+
and Ge 2+ were identified even after saturation. This is completely different from what is observed in the oxidation of clean single-crystal Si surfaces, such as Si(100) and Si(111) under the same conditions, where oxidation states up to Si 4+ are generated. 25, 27, 43, 44 This result clearly indicates that the Ge(100)-2 × 1 surface is quite inert toward oxidation by pure oxygen gas unlike the case of Si oxides. The results obtained in this study seem to be considerably different from the reported results for high pressure 11 and atmospheric oxidation, 14 where the Ge 4+ state was clearly identified. Since the present results suggest that Ge 4+ cannot be formed by the reaction of pure oxygen gas at room temperature, it is likely that several processes play a role in progressing oxidation in the other methods. 11, 14 One possible reason for the production of Ge oxides with high oxidation states is that oxygen diffusion into oxides is dominant at high temperature. 46 This oxygen transport mechanism involved in the thermal Ge oxidation may facilitate oxidation and prevent GeO desorption relevant to GeO 2 decomposition. The kinetic balance between the growth of oxides and the GeO desorption processes seems to be a key mechanism under high-temperature and low-pressure oxidation, resulting in the difference between our experimental results and previous high-pressure work. Further studies should focus on this subject. Another possible reason for the progress of oxidation in the atmospheric conditions is the involvement of other reactants, such as vapor-water.
14 Indeed, we confirmed the Ge 4+ component for sample surfaces introduced from the atmosphere prior to the oxidation experiments (not shown in this paper). We are currently in the progress of investigating the chemical analysis of surface oxides fabricated in the atmospheric conditions.
We also found that the Ge 2+ /Ge 1+ ratio evaluated from the intensities was ∼0.5 for oxidation by 26 meV O 2 , whereas it was ∼0.75 for oxidation by 2.2 eV O 2 beams. We thus considered that the translational energy can activate the direct dissociation process, increasing the population of Ge 2+ and thus the final oxygen coverage. Figure 6 shows the dose dependence of suboxide intensities (Ge 1+ and Ge 2+ ). The intensi- ties of Ge 1+ and Ge 2+ simultaneously increased with increasing dose. Furthermore, the Ge 2+ /Ge 1+ ratios were constant from the initial stage of oxidation to saturation. This is also different from the oxidation of Si surfaces, where oxidation products with higher oxidation states appear after the formation of oxides with lower oxidation states. 25, 43, 44 From the above results, we were able to determine the adsorption sites of oxygen on the surface and the growth processes of oxides on the Ge(100)-2 × 1 surface. Our experiments confirmed that the Ge 2+ /Ge 1+ ratio was ∼0.5 for oxidation using O 2 with suitable energy. This clearly indicates the formation of type A oxides, as shown in Fig. 7 . Dissociated oxygen chemisorbs at the bridge site and the backbond site of the Ge-Ge dimer to form the type A structure. This structure has one Ge 2+ atom and two Ge 1+ atoms, ideally resulting in a Ge 2+ /Ge 1+ ratio of 0.5. Previous studies of Ge(100)-2 × 1 oxidation using thermal-O 2 by HREELS and DFT reported by Soon et al. 18 and STM combined with DFT reported by Grassman et al. 19 also suggested that the most plausible structure is the type A oxide. Our results from in situ chemical analysis using SR-XPS agree with these previous results. However, we found that the energetic O 2 beam induces oxides with a Ge 2+ /Ge 1+ ratio of ∼0.75, indicating the formation of a different oxide. This new oxide is possibly of the form of the type B structure shown in Fig. 7 25, 27 Therefore, our present results show that the oxide layer of Ge exhibits properties that are considerably different from Si oxides. We showed that the Ge(100) surface is so inert that it cannot be completely covered with monolayer-thickness GeO 2 by oxidation with pure O 2 gas at room temperature, indicating a pressure and temperature gap between our oxidation and other methods. 11, 14 Further experimental studies using ambient pressure XPS 47 may be able to fill the pressure gap observed in Ge(100) oxidation. In addition, we are confident that our research will serve as a basis for future studies on thermal oxidation using molecular beams. It is also important to investigate other orientations of the surface. The present results suggest that the other low-index surfaces of Ge may also possess unique properties that are worth investigating. On the other hand, a fundamental point of view, the most important result from the present study is the low surface reactivity with oxygen. The low saturation coverage of oxides with low final oxidation states suggests that the oxidation reaction is probably influenced by the presence of a small amount of adsorbed oxygen, resulting in a potential energy barrier for further dissociative adsorption of O 2 on Ge surfaces. This energy barrier is responsible for the activated adsorption process observed with supersonic O 2 beams with high translational energy. However, the detailed mechanisms for the formation of the apparent potential energy barrier for not only clean but also oxygen-adsorbed Ge(100) surfaces remain unclear. 21 Theoretical studies will be required to obtain detailed physical insight into the origin of O 2 adsorption. [48] [49] [50] 
IV. SUMMARY
In conclusion, we studied the fundamental aspects of O 2 chemisorption on the Ge(100)-2 × 1 surface at room temperature by in situ X-ray photoelectron spectroscopy using synchrotron radiation, focusing on the dependence of the translational energy of the incident oxygen molecules. It was found that the Ge(100) surface was quite inert toward oxidation for not only thermal-O 2 but also hyperthermal O 2 beams. The final oxygen coverage was lower than 0.4 ML and the final oxidized state was Ge 2+ for all oxidation conditions. These findings are in strong contrast to the case of Si(111) oxidation using 26 meV O 2 , where the oxygen coverage and oxidation state reached 0.9 ML and Si 4+ , respectively. The adsorption sites of oxygen were determined to be the bridge and backbond sites on the surface Ge-Ge dimer. Direct adsorption can take place with high translational energy, facilitating further chemisorption to the backbond site that results in a significant increase in the Ge 2+ state. These results demonstrate control of the chemical composition of Ge oxides on the Ge(100) surface at room temperature. 
